Introduction {#S0001}
============

EVs are membranous particles consisting of a lipid bilayer containing a cargo of functional proteins, RNA molecules and metabolites\[[1](#CIT0001)\]. All cells including glioblastoma cells produce EVs, thereby releasing small packages of information and delivering them to target cells \[[1](#CIT0001)--[3](#CIT0003)\]. Although capture and uptake of EVs by recipient cells could occur through membrane fusion or endocytosis, several studies have reported receptor-mediated EV uptake in a glycan-dependent way \[[4](#CIT0004)--[6](#CIT0006)\]. The glycan profile of EVs from different sources (T-cells, carcinoma and melanoma cell lines and human breast milk) has been studied by lectin microarray and mass spectrometry showing a relatively conserved glycan profile with enrichment of polylactosamine and α2-6 linked sialic acid residues, complex type *N*-glycans and high mannose structures \[[7](#CIT0007)--[9](#CIT0009)\]. Although the RNA and protein contents of glioblastoma-derived EVs are widely studied \[[2](#CIT0002),[3](#CIT0003),[10](#CIT0010)--[14](#CIT0014)\], their surface glycosylation has not been described.

Glioblastoma is the most prevalent and aggressive primary brain tumour with a lack of curative therapeutic interventions and a median survival of 14.6 months under the current standard of care \[[15](#CIT0015)\]. Although the central nervous system (CNS) has been considered an immune-privileged site, this dogma has now shifted towards a paradigm where there is room for two crucial aspects in immunotherapy: CNS infiltration of antigen-specific T cells, and a draining lymphatic system \[[16](#CIT0016)\]. Thanks to this paradigm shift, potentiating T cells to infiltrate and kill glioblastomas has become an appealing immunotherapeutic option \[[17](#CIT0017)--[26](#CIT0026)\]. Different types of immunotherapy, including peptide-based vaccines \[[27](#CIT0027)\], autologous vaccines, checkpoint inhibition and adoptive dendritic cells (DCs) and T cells have emerged with some showing encouraging results \[[19](#CIT0019)--[25](#CIT0025)\]. Current approaches for vaccine-based immunotherapy in glioblastoma include mono-antigenic vaccines targeting a single tumour-specific neo-antigen \[[27](#CIT0027)\] and predefined or personalized multi-antigenic vaccines \[[18](#CIT0018),[28](#CIT0028)\]. Multi-antigenic vaccines can also comprise an undefined mix of tumour-associated antigens and neo-antigens in an autologous tumour lysate to stimulate dendritic cells \[[21](#CIT0021),[25](#CIT0025),[29](#CIT0029)\]. An interim analysis of a current Phase III clinical trial with an autologous tumour lysate-pulsed dendritic cell vaccine (DCVax®-L) for newly diagnosed glioblastoma shows a median overall survival of the total intention to treat study population (treatment arm plus control arm) of 23.1 months \[[25](#CIT0025)\], which suggests that the patients in the treatment arm of this trial live significantly longer than the expected 14.6 months based on the standard of care \[[15](#CIT0015)\].

DCs are antigen-presenting cells (APCs) with the ability to induce antigen-specific adaptive immune responses against pathogens and cancer \[[30](#CIT0030),[31](#CIT0031)\]. In homeostatic conditions, immature DCs reside in the lymph nodes and peripheral tissues and sample the environment. After recognition of antigens in combination with pattern recognition receptor stimulation DCs mature and antigens are processed for presentation by ﻿major histocompatibility complex (MHC) class I and II molecules to CD8^+^ and CD4^+^ T cells, respectively, \[[32](#CIT0032)--[34](#CIT0034)\]. Glioblastoma-derived EVs are relatively enriched with plasma membrane proteins of the originating cell \[[3](#CIT0003)\], and thus could function as an autologous cell-free alternative to pulse DCs \[[35](#CIT0035)\]. ﻿ Tumour EVs are more stable upon freezing and thawing than cells or tissues, and compared to tumour lysates, vesicles can likely be modified and thereby specifically targeted to an uptake receptor. Tumour-derived EVs, loaded onto DCs, are routed into the endo-lysosomal pathway \[[36](#CIT0036)\], and transferred tumour-specific antigens allow for specific activation of CD4^+^ and CD8^+^ T cells in different mouse tumours *in vivo* \[[36](#CIT0036),[37](#CIT0037)\]. Specific delivery of tumour EVs to DCs by targeting an uptake receptor for endocytosis could enhance their effective uptake by DCs and intracellular routing for antigen (cross-) presentation \[[30](#CIT0030),[38](#CIT0038)\]. DC-SIGN is a C-type lectin receptor (CLR) with known glycan specificity, and mediates antigen internalization, processing and presentation of antigens to CD4^+^ and cross-presentation to CD8^+^ T cells \[[39](#CIT0039)--[42](#CIT0042)\]. DC-SIGN recognizes its natural ligands, Lewis antigens \[[43](#CIT0043)\], through its carbohydrate recognition domain and traffics to the lysosomes upon internalization \[[44](#CIT0044)\].

We hypothesized that by characterization of the surface glycosylation of EVs and modification of their glycocalyx, we could enhance their internalization by DCs. The aim of this study was to identify the main groups of glycans in the glycocalyx of EVs that could provide ligands for DC-specific receptors by ELISA-based lectin-binding assays and immunogold transmission electron microscopy (TEM). We used a lectin panel including lectins recognizing sialic acids (α-2,3- and α-2,6, *N*-linked and *O*-linked), terminal GalNAc, different mannose configurations, bi-antennary glycans and fucose, revealing a dominance of sialic acid-capped *N*-glycans and bi-antennary glycans and a lack of DC-SIGN ligands. Therefore, we set out to enzymatically remove the immune inhibitory Siglec stimulating sialic acids and incorporate a high-affinity DC-SIGN ligand (Lewis Y) for enhanced uptake by DCs by conjugating it to a palmitic acid tail. The success of the modifications was verified by lectin-binding ELISA, immunogold TEM and EV internalization by DCs.

Materials and methods {#S0002}
=====================

Cell culture {#S0002-S2001}
------------

U87 \[[45](#CIT0045)\] and GBM8 \[[46](#CIT0046)\] glioblastoma cell lines were cultured in a humidified incubator under standardized conditions with 5% CO~2~ and 37°C. U87 cells were maintained in Dulbecco's Modified Eagle Medium (DMEM, Thermo Fisher) supplemented with 100 U/ml penicillin/streptomycin (Lonza), 2 mM L-glutamine (Lonza) and 10% Fetal Calf Serum (FCS) (Biowest). GBM8 cells were cultured in Neurobasal medium (Invitrogen) supplemented with 100 U/ml penicillin/streptomycin (Lonza), 2 mM L-glutamine (Lonza), 1 × B27 supplement (Life Technologies), 0.5 × N2 supplement (Life Technologies), 20 nM recombinant human fibroblast growth factor (FGF, Pepro Tech), 20 nM recombinant human epidermal growth factor (EGF, Pepro Tech) and 20 μg/mL heparin \[[46](#CIT0046)\].

Human monocyte-derived dendritic cells (MoDC) {#S0002-S2002}
---------------------------------------------

Monocytes were isolated from multiple healthy donor-derived buffy coats (Sanquin) by sequential Lymphoprep (Axis-Shield)/Percoll (Amersham) gradient centrifugation as previously described \[[47](#CIT0047)\]. Isolated monocytes were cultured in RPMI (Invitrogen) supplemented with 100 U/ml penicillin/streptomycin (Lonza), 10% Fetal Calf Serum (Biowest), 500 U/ml IL-4 and 800 U/ml granulocyte-macrophage colony-stimulating factor (GM-CSF, ImmunoTools) for 5--6 days. Dendritic cell differentiation and activation status were confirmed by flow cytometric analysis of the presence of DC-SIGN (AZN-D1 \[[48](#CIT0048)\], and secondary FITC-labelled polyclonal goat anti-mouse antibody, Jackson), CD80 (clone L307.4, BD Biosciences), and CD86 (clone 2331 (FUN-1), BD Bioscience) with and without lipopolysaccharide (LPS) stimulation.

Isolation of EVs {#S0002-S2003}
----------------

We used differential (ultra-)centrifugation \[[49](#CIT0049)\] and size-exclusion chromatography (SEC) \[[50](#CIT0050)\] for enrichment of EVs. EVs were isolated from conventional U87 and primary GBM8 cell cultures growing between 40% and 90% confluency. Unlike the medium for GBM8 cells, the medium for U87 cultures contained exosome depleted FCS, which was obtained by overnight (15 h) centrifugation at 70.000 x *g* at 4°C \[[51](#CIT0051)\]. EVs were isolated, as described previously \[[52](#CIT0052)--[54](#CIT0054)\], by sequential centrifugation of 240 mL cell culture medium; two times 500 × *g* at 4°C for 10 min, two times at 2000 × *g* at 4°C for 15 min and two times at 10,000 × *g* at 4°C for 30 min. The supernatant was then transferred to endotoxin-free ultracentrifuge tubes (Ultra-Clear) and centrifuged at 70,000 × *g* at 4°C for 1 h without a brake in an SW32Ti rotor (Beckman Coulter). Based on our previous work \[[53](#CIT0053),[54](#CIT0054)\] we choose the 70,000 x *g* protocol to reduce protein contamination. The EV containing pellet was then resuspended, washed (2x) in PBS and used for further experiments or modification after resuspending the washed pellet in 400 μL PBS. EV preparations were characterized and stored at −80°C. The size distribution of EV preparations was analysed by transmission electron microscopy (TEM) and nanoparticle tracking analysis (NTA, Nanosight) after calibrating the system with Silicon Oxide Size Standards beads (105.2 nm, Microspheres-nanospheres).

Palmitoyl-Lewis^y^ synthesis {#S0002-S2004}
----------------------------

Le^Y^-glycolipid (Le^Y^-hexadecanehydrazide) was prepared from Le^Y^ pentasaccharide (Elicityl) and palmitic anhydride (Sigma-Aldrich), the latter undergoing two subsequent chemical transformations, first to tert-butyl N-(hexadecanoylamino) carbamate, then to palmitic hydrazide through common reactivity. Palmitic hydrazide was coupled to Le^Y^ through a reductive amination reaction. Briefly, palmitic hydrazide (2 eq., Sigma-Aldrich) and picoline borane (10 eq., Sigma-Aldrich) were dissolved in DMSO/AcOH/CHCl~3~ (8:2:1, 200 μl). The mixture was added to Le^Y^ (1 eq.) and the reaction was stirred for 2.5 h at 65°C. Addition of CHCl~3~/MeOH/H~2~O at 8:1:8 v/v ml ratio allowed the extraction of Le^Y^-glycolipid as white slurry at the interphase. The mixture was centrifuged at 4600 rpm for 20 min, then the aqueous and organic layers were carefully removed, and the washing step was repeated once more. The slurry was freeze-dried (methanol/water) to remove residual solvent. Glycan derivatization was confirmed by ESI-MS (LCQ-Deca XP Ion trap mass spectrometer in positive mode; Thermo Scientific) using nanospray capillary needle. Le^Y^-glycolipid was post-inserted into the EVs by adding 1 ml of EV suspension to 0.75 mg of glycolipid, previously dissolved in 15 μl of methanol. After 15 min of vigorous stirring and overnight at 4°C, the EVs were and purified by SEC.

Modification of EV surface glycosylation {#S0002-S2005}
----------------------------------------

After ultracentrifugation at 70.000 x *g*, the containing pellets were carefully resuspended and pooled together in a total end volume of 400 μL. Next, the EV preparation was incubated with 0.5 μM of the fluorescent ﻿lipophilic fluorescent reporter DiD (1′- dioctadecyl-3,3,3′,3′-tetramethyl indodicarbocyanine, Life Technologies) at 37°C for 15 min. Half of the EV preparation was then treated with a pan-sialic acid hydrolase Neuraminidase (Roche) for 30 min at 37°C. Next, half of the unmodified and half of the Neuraminidase treated aliquots were incubated with palmitoyl-Lewis^Y^ while vortexing for 10 min. All four preparations (of equal volume) were then diluted to a final volume of 1 mL and EVs were purified by SEC according to a previously described protocol \[[50](#CIT0050)\]. In order to maximize microvesicle concentration and purity fraction 8--11 were collected for further experiments.

Lectin-binding enzyme-linked immunosorbent assay (ELISA) {#S0002-S2006}
--------------------------------------------------------

EVs were coated onto Nunc maxisorb 96-well plates (Nunc, Denmark) in 0.2M NaHCO~3~ buffer (pH 9.2) for 18 h at 22°C. Plates were then washed with TSM buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM CaCl~2~, 1mM MgCl~2~) twice, followed by blocking for 30 min at 37°C with TSM supplemented with 1% bovine serum albumin (BSA). Anti-CD63 (clone NKI/C3, a kind gift of prof. J. Neefjes, Dutch Cancer Institute) and lectins used for primary incubation were incubated for 120 min, mildly shaking at room temperature (RT) followed by detection with peroxidase-conjugated goat anti-mouse antibody or streptavidin. Glycan-specific lectins were used to identify glycan groups: biotinylated *Concanavalin A* (ConA, specific for high mannose, terminal mannose, bi-antennary glycans, α-linked mannose, Vector Laboratories, B-1005--5), biotinylated *Galanthus nivalis* (GNA, specific for α1-3 mannose), biotinylated *Helix pomatia agglutinin* (HPA, specific for αGalNAc (Tn antigen) and type A erythrocytes, Sigma Aldrich, L6512), biotinylated *Lotus Tetragonolobus* (LTA, specific for α1-6 polymannose, Vector Laboratories, B-1325--2), biotinylated *Maackia Amurensis* I (MAL-1, specific for *O*-linked α-2,3 sialic acids, Vector laboratories, B-1315), biotinylated *Maackia Amurensis* II (MAL-II, specific for *N*-linked α-2,3 sialic acids, Vector laboratories, B-1265), biotinylated *Sambucus nigra* (SNA, Specific for *N-*linked α-2,6 sialic acids, Vector laboratories, B-1305) ([Table 1](#T0001)). Binding was visualized using a substrate buffer containing 0,1M Sodium Acetate (Sigma), 0,1M Citric acid (Sigma), pH4, 0,006% H~2~O~2~, and 0,1 mg/mL tetramethylbenzidine (TMB, Sigma) and the reaction was blocked with a 0.2 M H~2~SO~4~ stop buffer. Signal was measured using a microplate absorbance spectrophotometer at 450 nm (Bio-Rad, USA).10.1080/20013078.2019.1648995-T0001Table 1.Lectin specificity.LectinAbbreviationSpecificityHelix pomatia agglutininHPAαGalNAc (Tn antigen) and type A erythrocytesMaackia Amurensis IMAL-Iα2-3 Sialic acid-Gal-GalNAc (N-glycans), Gal-β1,4-GlcNAc, Sialylation of Gal-3Maackia Amurensis IIMAL-IIα2-3 Sialic acid-Gal-GalNAc (O-glycans)Sambucus NigraSNAα2-6 Sialic acid-Gal (and to lesser degree α2-3)Concanavalin AConAHigh mannose, terminal mannose, bi-antennary glycans, α-linked mannoseLotus TetragonolobusLTAα1-3/4 fucose containing oligosacharidesGalanthus nivalisGNAα1-3 mannoseNarcissus PseudonarcissusNPAα1-6 polymannose

Transmission electron microscopy {#S0002-S2007}
--------------------------------

EVs were diluted 1:1 with PBS and coated for a minimum of 10 min on Formvar (EMS) coated copper grids (Veco). For the analysis of size distribution, grids were washed with PBS five times after coating, fixed in 1% glutaraldehyde (Millipore) and incubated in 0,5% uranyl acetate (SPI-Chem)/2% methylcellulose (Sigma). A total of nine images (three images per grid from three separate grids) were acquired using a transmission electron microscope (CM100 bio twin, company Philips/FEI), connected to a CCD camera (Morada G2, olympus). Diameters of randomly selected EVs found on these images were measured in iTEM (EMSIS) software, resulting in a total of 100 measurements. For immuno-gold stainings, grids were coated with EVs 1:1 diluted in PBS, washed five times with PBS supplemented with 1% BSAc (Aurion), blocked for 5 min in PBA and 10 min in blocking reagent (Aureon). Antibodies and lectins for primary stainings included biotinylated SNA, biotinylated MAL-1, biotinylated MAL-II, DC-SIGN/Fc (DC-SIGN/Fc consists of the extracellular portion of DC-SIGN (residues 64--404, fused at the C-terminus to a human IgG1/Fc fragment into the Sig-pIgG1-Fc vector; Fawcett et al. 1992)) and anti-CD63 (clone NKI/C3, a kind gift of prof. J. Neefjes, Dutch Cancer Institute). After a minimum of 30 min incubation with primary antibodies, grids were washed 5 times with PBA before incubation for 20 min with secondary reagents. Secondary reagents included Protein A-gold (Cell Microscopy Core, Utrecht), and goat-anti-biotin-Gold (Aureon). Lastly, grids were washed, fixed in 1% glutaraldehyde and incubated in 0,5% uranyl acetate/2% methylcellulose before imaging. Image acquisition was performed using a transmission electron microscope connected to a CCD camera and iTEM software.

Binding and uptake of EVs {#S0002-S2008}
-------------------------

EVs were isolated as described above. Per well, 500.000 MoDCs were incubated with DiD-labelled microvesicles for 45 min on ice to allow receptor binding. Subsequently, MoDCs were incubated at 37°C for 0, 30, 60 and 90 min prior to fixation with 4% PFA on ice for 20 min. Fluorescent DiD signal was measured by flow cytometry (Fortessa, BD Biosciences) and results were analysed using Cytobank \[[55](#CIT0055)\].

Internalization and intracellular routing of EVs {#S0002-S2009}
------------------------------------------------

Internalization and intracellular routing of EVs in MoDCs was analysed by imaging flow cytometry following incubation with 1 million DC for 15 and 60 min at 37°C. After incubation, cells were immediately put on ice and washed in ice-cold PBS. Cells were fixed in ice-cold 4% paraformaldehyde in PBS for 20 min and permeabilized in 0.1% saponin in PBS for 30 min. Images were acquired on the ImageStream × (Amnis) imaging flow cytometer. A minimum of 15,000 cells was acquired per sample at a flow rate ranging between 50 and 100 cells/s at 60 × magnification. At least 2000 cells were acquired from single-stained samples to allow for compensation. The analysis was performed using the IDEAS v6.1 software (Amnis) as previously described \[[56](#CIT0056)\]. Cells were gated based on focus using the Gradient RMS (brightfield) feature, and on size using the features Area (brightfield) vs Aspect Ratio Intensity (brightfield). Internalization was addressed using the feature Internalization on a mask calculated by eroding eight pixels from the circumference of every cell. Co-localization was calculated using the feature Bright Detail Similarity R3.

Results {#S0003}
=======

Glioblastoma-derived EV isolation and characterization for EV surface glycan analysis {#S0003-S2001}
-------------------------------------------------------------------------------------

To study the glycan composition of glioblastoma-derived EV-membrane-associated glycoproteins and glycolipids, we isolated small EVs including exosomes and small membrane budded vesicles from cell culture media from two glioblastoma cell lines by ultracentrifugation \[[49](#CIT0049)\]. EVs were isolated from well-characterized glioblastoma cell lines, U87 \[[45](#CIT0045)\] and GBM8 \[[46](#CIT0046)\], following the protocol as described before \[[52](#CIT0052)--[54](#CIT0054)\] and schematically represented in [Figure 1(a](#F0001)). U87 cells were maintained in a culturing medium with FCS pre-depleted from EVs by overnight ultracentrifugation \[[51](#CIT0051)\]. Because this depletion method results in incomplete (approximately 95%) elimination of EVs \[[9](#CIT0009),[51](#CIT0051)\], we also included primary glioblastoma spheroids (GBM8 cells) \[[46](#CIT0046)\] in our experiments, cultured in serum-free neurobasal medium supplemented with growth factors. To confirm the quality of our EV preparations we imaged our preparations by immuno-TEM for CD63 ([Figure 1(b](#F0001))). A subset of the EVs in the preparation showed a positive CD63 immune-gold staining. EV expression of CD63 was confirmed by CD63 ELISA on a titration of EVs adsorbed to a solid phase ([Figure 1(c](#F0001))). TEM images also confirmed the typical morphology of EVs ([Figure 1(b](#F0001),[d](#F0006))). Size distribution profiles, quantified by measuring the diameter of 100 at random-selected EVs in eight TEM images ([Figure 1(d](#F0001),[e](#F0006),[f](#F0006))) and by nanoparticle tracking analysis (NTA, [Figure 1(g](#F0001))), were comparable to previously reported size of exosomes/small EVs (70--200 nm) isolated from glioblastoma culture media \[[2](#CIT0002),[4](#CIT0004),[9](#CIT0009),[57](#CIT0057)\].10.1080/20013078.2019.1648995-F0001Figure 1.Glioblastoma cell line-derived EV isolation and characterization for EV surface glycan analysis. (a). EV isolation procedure by differential centrifugation from U87- and GBM8-conditioned medium. (b). Expression of CD63 on EVs by immuno-gold transmission electron microscopy (TEM) with a magnification of 24,500 x. Primary staining with anti-CD63 followed by protein A coupled to 15 nm gold nanoparticles. (c). CD63 ELISA on a titration of EVs adsorbed to a solid phase. (d). Measurement of EV diameter, determined on TEM micrographs with a magnification of 24,500 x (CD63 immuno-gold staining, N = 100 EVs measured at random). (e). Quantification of the diameter of 100 randomly selected EVs in nm per size category, measured in eight TEM images. (f). Quantification of the relative distribution of EV diameter in percentage per size category, determined on TEM in D. (g). Relative size distribution measured by nanoparticle tracking analysis (NTA).

The surface glycoconjugates of glioblastoma cell line-derived EVs are dominated by sialic acid-capped N-glycans and bi-antennary N-glycans {#S0003-S2002}
------------------------------------------------------------------------------------------------------------------------------------------

The glycocalyces of T cell-, melanoma-, colon cancer- and breast milk-derived EVs have been profiled using lectin microarray technology \[[8](#CIT0008),[9](#CIT0009)\]. We selected a panel of lectins representing the main groups of glycans of our interest ([Table 1](#T0001)) and studied the lectin-binding profile of glioblastoma (U87 and GBM8) derived EVs. Lectin-binding assays on a titration of U87 EVs adsorbed to a solid phase (ELISA, [Figure 2(a](#F0002))) revealed that glioblastoma EV glycosylation was mainly dominated by *N*-linked α-2,3 sialic acids (MAL-I), *O*-linked α-2,3 sialic acids (MAL-II) and *N*-linked α-2,6 sialic acids (SNA). They also express bi-antennary glycans (strong binding of ConA while GNA- and NPA binding is low) and some terminal GalNAc (HPA). A drawback of lectin microarrays or ELISAs in the characterization of the glycosylation of EVs is the impossibility to discard any contribution by contaminants in the EV preparation, such as soluble proteins or cell membrane fragments \[[58](#CIT0058)\]. To confirm the expression of these glycans on EVs we performed immuno-gold TEM, studying immunoreactivity of membrane vesicles derived from both cell lines with HPA, MAL-I, MAL-II, SNA, ConA, GNA and NPA ([Figure 2(b](#F0002)), Supplementary Figs. 1 and 2). In concert with the recently studied and described heterogeneity in size, and RNA, protein and lipid content of small EVs \[[59](#CIT0059)\] the single-vesicle resolution provided by TEM revealed also an expected heterogeneity in EV surface glycosylation. In addition, the images showed protein contamination of the EV preparations despite the intended reduction thereof by lowering the ultracentrifugation speed to 70,000 x g. The TEM images in [Figure 2](#F0002) (and Supplementary Figs. 1 and 2) showed the binding of MAL-II to free protein aggregates instead of EVs, showing the dominance of *N*-linked sialic acids over *O*-linked sialic acids on our EVs. Our EV preparations showed little to no binding to GNA or NPA indicating the absence of glycoconjugates containing α-1,3 mannoses or α-1,6 polymannoses. Our data, therefore, confirms the relatively conserved glycan signature for microvesicles \[[9](#CIT0009)\] but also indicates that we should be cautious interpreting glycan analyses performed on full preparations without a single-vesicle resolution such as TEM or FACS. As demonstrated here, detected glycans can be expressed both by EVs as well as free proteins in the preparation. As a consequence, we decided for future experiments to purify vesicle fractions by size exclusion chromatography (SEC) \[[50](#CIT0050)\] after the first 70.000 x *g* ultracentrifugation step, excluding fractions containing free proteins. Altogether, the glycocalyx of glioblastoma cell line-derived EVs showed a glycan profile dominated by α-2,3 and α-2,6 sialic acid-capped complex *N*-glycans and bi-antennary *N*-glycans.10.1080/20013078.2019.1648995-F0002Figure 2.The surface glycoconjugates of glioblastoma cell line-derived EVs are dominated by sialic acid-capped N-glycans and bi-antennary glycans. (a). Lectin-binding ELISA (HPA, MAL-I, MAL-II, SNA, ConA, LTA, GNA, NPA) on a titration of U87 EVs adsorbed to a solid phase (carbohydrate specificity in brackets and in [Table 1](#T0001)). (b). Immuno-gold TEM pictures of U87 and GBM8 EVs stained with the same biotinylated lectins and streptavidin conjugated to 15 nm gold nanoparticles.

Glioblastoma-derived EVs express ligands for Siglec-9, not DC-SIGN {#S0003-S2003}
------------------------------------------------------------------

Next, we focused on two types of glycans that are of interest for receptor-mediated uptake of EVs by antigen-presenting cells in the context of vaccination, namely, sialic acids, fucosylated structures such as Lewis antigens. Sialic acids were detected on the surface of EVs and could represent ligands for the well-known immunosuppressive receptor family of Siglecs \[[60](#CIT0060)\]. Since DCs take up T cell-derived EVs in a Siglec-1 dependent way \[[5](#CIT0005)\], and splenic marginal zone macrophages take up B cell-derived EVs in a Siglec-1 dependent way \[[6](#CIT0006)\] we screened for Siglec ligands on our EV preparations. We immobilized EVs on a solid phase and performed Siglec binding ELISA assays with recombinant Siglec-Fc constructs. We tested the binding of the signalling Siglecs (Siglec-3, −7, −9 and −10) on moDCs \[[61](#CIT0061)\]. Upon INFα stimulation moDCs upregulate Siglec-1, but since this receptor is an uptake receptor without signalling properties we excluded it from the screen. U87-derived EVs expressed ligands for Siglec-9 (CD329), whereas no ligands for Siglec-3, −7 and −10 were detected ([Figure 3(a](#F0003))). Siglec-9 is a CD33-related Siglec, which recognizes sialic acid in either α-2,3 or α-2,6 to galactose \[[62](#CIT0062)\]. Siglec-9 is mainly expressed on immune cells such as NK cells, T cells, neutrophils, monocytes and immature DCs, and has two intracellular ﻿immune receptor tyrosine-based inhibitory motifs (ITIMs) \[[60](#CIT0060)--[63](#CIT0063)\]. The dendritic cell-specific C-type lectin DC-SIGN binds high mannose glycans and polysaccharides containing fucose \[[64](#CIT0064)\]. DC-SIGN was previously successfully targeted with glyco-liposomes containing antigen for anti-cancer vaccination strategies \[[65](#CIT0065)\]. Although our EVs express some fucosylated glycans ([Figure 2](#F0002)) and ConA reactive glycans, we could not detect GNA- or NPA reactive glycans or DC-SIGN ligands on their surface ([Figure 3(b](#F0003))). DC-SIGN however strongly binds Lewis^X^ (Le^X^, [Figure 3(c](#F0003))) and Lewis^Y^ (Le^Y^, [Figure 3(d](#F0003))) in a calcium-dependent manner \[[43](#CIT0043),[66](#CIT0066)\]. Thus, our EVs are likely to bind to Siglec-9 on immature dendritic cells but lack the glycans that serve as ligands for DC-SIGN ([Figure 3(e](#F0003))).10.1080/20013078.2019.1648995-F0003Figure 3.Glioblastoma-derived EVs bind Siglec-9, not DC-SIGN. (a). Siglec-binding ELISA on U87-derived EVs adsorbed to a solid phase. Screen for binding of recombinant Siglec-3, −7, −9 and −10 constructs (N = 3). (b). Absence of calcium-dependent DC-SIGN binding to ligands on U87-derived EVs by DC-SIGN binding ELISA on a titration of EVs adsorbed to a solid phase (N = 3). (c-d). DC-SIGN binding to ﻿polyacrylamide (PAA)-coupled Le^X^ and -Le^Y^ glycoconjugates by DC-SIGN binding ELISA on titrations of PAA-Le^X^ and PAA-Le^Y^ adsorbed to a solid phase (N = 3). (e). Schematic representation of possible uptake of glioblastoma EVs by DCs via Siglec 9, not DC-SIGN.

Glycan modification for receptor-mediated targeting to dendritic cells {#S0003-S2004}
----------------------------------------------------------------------

We hypothesized that the elimination of Siglec ligands on the surface of EVs would prevent EVs from triggering Siglecs on DCs and, therefore, avoid immunosuppressive signalling. Since we could not observe the expression of DC-SIGN ligands on the surface of EVs, we aimed at both the removal of sialic acids from the surface of EVs and the incorporation of DC-SIGN ligands for receptor-mediated glycan-dependent targeting to DCs. To this end, we conjugated Le^Y^ to the reducing end of a palmitic acid tail ([Figure 4(a](#F0004))) with a purity of over 95% ([Figure 4(b](#F0004),[c](#F0006))), and modified EV glycosylation after incorporating the fluorescent reporter DiD into the EVs ([Figure 4(d](#F0004))). Sialic acids were removed by enzymatic desialylation with a pan-sialic acid hydrolase and DC-SIGN ligands were incorporated by insertion of palmitoyl-Le^Y^, followed by an SEC step to eliminate free DiD, protein, enzyme and palmitoyl-Le^Y^. Chemo-enzymatic modification of EVs resulted in enhancement of DC-SIGN binding in the palmitoyl-Le^Y^ modified EVs and a decrease in sialylation in the sialidase-treated EVs ([Figure 5(a](#F0005)), Supplementary Figure 3) by immuno-TEM analysis. Using ELISA we showed that chemo-enzymatic modification of EVs did not alter the expression of the EV marker CD63 (Supplementary Figure 4) and confirmed the altered glyco-phenotypes with decreased MAL-I binding after desialylation and increased DC-SIGN binding after palmitoyl-Le^Y^ insertion ([Figure 5(b](#F0005)), Supplementary Figure 4). Incubation of our UM DiD-labelled EVs with human monocyte-derived dendritic cells (moDCs) resulted in an incremental proportion of positive moDCs over time, indicating binding/uptake of DiD-labelled EVs by dendritic cells and effective labelling of EVs by DiD ([Figure 5(c](#F0005))).10.1080/20013078.2019.1648995-F0004Figure 4.Chemo-enzymatic glycan modification for receptor-mediated targeting to dendritic cells. (a). Palmitoyl-Le^Y^ synthesis. (b). MS spectrum of palmitoyl-Le^Y^. (c). MSMS spectrum of palmitoyl-Le^Y^ with peaks representing: 1074 = palmitoyl-Le^Y^ -- H2O, 946 = palmitoyl-Le^Y^ -- fucose, 658 = Le^Y^, 511 = fucose(glcnac-gal). (d). Schematic representation of the fluorescent labelling and glycan modification of EV preparations by treatment with pan-sialic acid hydrolases and postinsertion of palmitoyl-Le^Y.^10.1080/20013078.2019.1648995-F0005Figure 5.Glycan modification of EVs resulted in altered glyco-phenotypes. (a). Glycan modification resulted in enhanced recognition by DC-SIGN and less expression of sialic acids, measured by immuno-gold TEM. (b). Chemo-enzymatic modification of EVs resulted in enhancement of DC-SIGN binding in the palmitoyl-Le^Y^ incorporated EVs and a decrease in sialylation in the sialidase-treated EVs, measured by lectin-binding ELISA on EVs adsorbed to a solid phase (independent validations in Supplementary Figure 4). (c). Uptake of GBM-derived DiD-labelled EVs by MoDCs, measured as % DiD^+^ moDCs by FACS (three donors).

Glycan modification of EVs improved binding and internalization by DCs {#S0003-S2005}
----------------------------------------------------------------------

We measured a four-fold increase of binding/uptake of DiD-labelled EVs by moDCs after Le^Y^ incorporation ([Figure 6(a](#F0006),[b](#F0006))). [Figure 6(a](#F0006)) shows example dot plots of DiD signal due to binding of DiD^+^ EVs to moDCs at 4°C (T = 0) and DiD signal due to DiD^+^ EV-binding/uptake by moDCs after 90 min at 37°C, representative for three donors. In [Figure 6(b](#F0006)) binding/uptake of DiD^+^ EVs in this pulse-chase experiment was plotted over time, comparing unmodified EVs and Le^Y+^ EVs in three donors. To visualize binding versus internalization, we performed imaging flow cytometry analysis of moDCs of three additional donors, incubated with our four glycoforms of DiD-labelled EVs (unmodified, Le^Y+^, sialidase-treated Le^Y-^ and sialidase-treated Le^Y+^) in a pulse-chase experiment. This data also showed a four-fold increase of EV binding/uptake by moDCs after incorporation of palmitoyl-Le^Y^ ([Figure 6(c](#F0006))). Binding/uptake of unmodified EVs and sialidase-treated EVs by moDCs was similar (10--20% DiD positive moDCs) after 60 min incubation at 37°C, whereas 80% of moDCs were DiD positive after incubation with our Le^Y+^ EVs ([Figure 6(c](#F0006))). Fluorescent DiD signal in DCs, however, does not prove internalization of EVs by the DCs. Therefore, we analysed internalization of both our Le^Y+^ EV preparations, which showed efficient internalization by moDCs in an imaging flow cytometry experiment ([Figure 6(d](#F0006),[e](#F0006))). Internalization scores were measured by calculating co-localization of DiD signal with a mask covering the intracellular area as shown in [Figure 6(d](#F0006)). At 4°C EVs remained at the surface of the moDCs indicated by the low internalization score (time point 0), whereas at 37°C the increasing internalization score represents rapid uptake of the Le^Y+^ EVs.10.1080/20013078.2019.1648995-F0006Figure 6.Glycan modification of EVs improved internalization by DCs. (a). Dot plots showing binding/uptake of unmodified or Le^Y^-incorporated DiD^+^ EVs by moDCs after 30 min incubation at 4°C (T = 0) or after 90 min incubation at 37°C (T = 90) measured by FACS, representative of three donors. (b). Percentage DiD^+^ moDCs after incubation with unmodified or Le^Y^-incorporated DiD^+^ EVs for 30 min at 4°C (T = 0). MoDCs were fixed after 0, 30, 60, or 90 min incubation at 37°C and DiD signal was measured by imaging flow cytometry (three donors). (c). Binding/uptake of EVs by moDCs (three donors), measured by imaging flow cytometry. (d). Representative imaging flow cytometry brightfield (BF) pictures of moDCs with DiD positive spots on the outside and inside of cells. Blue area masks inside area of cells, and colocalization of DiD signal with the mask was used to calculate internalization scores. (e). Internalization of EVs by moDCs in a pulse-chase experiment with cells fixed in PFA after 15, 30, 45 and 60 min incubation at 37°C visualized in one donor by imaging flow cytometry.

Discussion {#S0004}
==========

Immunization of patients with a newly diagnosed glioblastoma by highly personalized synthetic multi-peptide- or autologous tumour lysate-pulsed DC vaccination has recently emerged as a promising approach to boost CD4^+^ and CD8^+^ T cell responses \[[18](#CIT0018),[25](#CIT0025),[28](#CIT0028)\]. To circumvent the need for personalized neo-antigen identification and peptide synthesis, we proposed that EVs may represent a more comprehensive, cell-free, autologous source of neo-antigens and tumour-associated antigens, which could be targeted for efficient DC loading \[[3](#CIT0003),[35](#CIT0035),[67](#CIT0067)\]. Since EVs can be internalized by recipient cells via glycan-specific receptors \[[4](#CIT0004)--[6](#CIT0006)\], we profiled the surface glycosylation of glioblastoma cell line-derived EVs and modified their glycosylation for enhanced internalization by DCs. By measuring lectin-binding properties of EVs in both ELISA-based assays and immunogold-TEM, we showed that the surface glycoconjugates of our EV preparations were dominated by immune inhibitory sialic acid-capped *N*-glycans and complex bi-antennary glycans. Desialylation with a pan-sialic acid hydrolase reduced EV recognition by sialic acid-specific lectins (MAL-I and SNA) and insertion of palmitoyl-Le^Y^ enhanced their capacity to be captured by DC-SIGN and internalized by moDCs.

The glycocalyx of T cell-derived EVs was previously characterized by lectin-microarray analysis showing a glycan profile that differed from that of the parent cell plasma membrane \[[8](#CIT0008)\]. In a later study, comparison of the EV glycocalyces of different cell lines (T cells, ﻿melanoma and colon cancer) and breast milk-derived EVs revealed enrichment in high mannose, polylactosamine, α-2,6 sialic acid and complex *N*-linked glycans while blood group antigens were excluded \[[9](#CIT0009)\]. These results are in accordance with the high expression of α-2,3- and α-2,6-sialic acids (binding of MAL-1 and SNA, respectively) and the presence of bi-antennary *N*-glycans (Con A-binding) in our glioblastoma-derived EV preparations. We, however, did not find high mannose glycans in our glioblastoma EV preparations, indicated by the absence of NPA binding or DC-SIGN ligands. In this and other studies, purification steps and techniques for glycan detection could have influenced the specificity of lectin binding to EVs. Here, we demonstrated a discrepancy between lectin-binding assays based on ELISA versus immunogold TEM. Therefore, detected glycans in EV preparations should always be considered to be due to contaminating proteins rather than the EVs themselves, unless lectin binding has been assessed at a single EV level with TEM or FACS. Moreover, we demonstrate heterogeneity in lectin binding to EVs, suggesting selective glycan expression on subsets of EVs.

Surface glycans may be important for the uptake of EVs by recipient cells \[[9](#CIT0009),[68](#CIT0068),[69](#CIT0069)\]. B cell-derived EVs, for example, are enriched with α-2,3-linked sialic acid allowing their capture by Siglec-1 (CD169) on macrophages in both spleen and lymph nodes \[[6](#CIT0006)\]. The inhibitory effect of heparin on EV uptake indicates an important role for heparin sulphate proteoglycans in EV uptake \[[70](#CIT0070),[71](#CIT0071)\], and interference of D-mannose with EV uptake by DCs suggests an EV uptake mechanism via C-type lectin receptors \[[72](#CIT0072)\]. Glycoengineering has been used previously to alter the stability and pharmacokinetics of protein biopharmaceuticals \[[73](#CIT0073)\]. In this study, we enzymatically removed immune inhibitory sialic acids using a pan-sialic acid hydrolase. These sialidases have also been used to effectively remove sialic acids from EVs as a control for lectin binding to EV-associated sialic acids \[[74](#CIT0074)\]. We have previously demonstrated efficient DC targeting via DC-SIGN with glycopeptides and glyco-liposomes for antigen presentation and CD4^+^ and CD8^+^ T cell induction \[[41](#CIT0041),[65](#CIT0065),[75](#CIT0075)\]. Here we incorporated the high-affinity DC-SIGN ligand Le^Y^ into glioblastoma EVs for targeting of DCs.

Although anti-cancer vaccination with tumour-derived EVs has been evaluated in several studies \[[37](#CIT0037),[76](#CIT0076),[77](#CIT0077)\], concerns about the immunosuppressive properties of tumour EVs on immune effector cells and their role in metastatic niche formation led to caution in the use of these EVs for vaccination \[[78](#CIT0078),[79](#CIT0079)\]. Combining tumour-derived EVs with the right immune-stimulating adjuvant such as a Toll-like receptor-3 agonist \[[80](#CIT0080)\], granulocyte-macrophage colony-stimulating factor (GM-CSF) \[[81](#CIT0081)\] or ﻿alpha-galactosylceramide \[[76](#CIT0076)\] has overcome this risk of immune inhibition by tumour-derived EVs. In patients with colorectal cancer, the feasibility and safety of immunization with ascites-derived EVs plus GM-CSF has been demonstrated with a few patients benefitting from this treatment \[[81](#CIT0081)\]. We previously showed that simultaneous triggering of TLR4 and DC-SIGN improves intracellular routing for cross-presentation on MHC-I for CD8^+^ T cell activation \[[42](#CIT0042)\], and that the incorporation of the TLR4 ligand MPLA into liposomes favours T cell responses after targeting antigen-containing liposomes to DCs \[[65](#CIT0065)\]. Thus, in future studies, different TLR stimulating adjuvants in combination with targeted tumour-derived EVs need to be compared for optimal DC activation and T cell induction.

Multi-antigenic immunization of patients with glioblastoma raised high hopes \[[18](#CIT0018),[25](#CIT0025),[28](#CIT0028)\]. Moreover, multi-antigenic immunization using EVs in mice with other types of tumours induced CD8^+^ T cell cross-priming and tumour rejection \[[37](#CIT0037)\]. Therefore, we hypothesize that multi-antigenic vaccination using highly stable EVs, glyco-modified for enhanced DC priming, could induce a potent anti-glioblastoma immune response. Thus, in future studies, EV immunization in a glioblastoma mouse model is indispensable. Aiming at personalized, multi-antigenic vaccination, subsequent studies should also focus on the identification of neoantigens in patient-derived exosomes and their capacity to induce *in vitro* autologous T cell activation and tumour killing. It is unknown whether desialylation of neo-antigens on the surface of EVs would affect their processing by dendritic cells, subsequent presentation of the antigens to lymphocytes and tumour recognition by induced lymphocytes. Therefore, future studies should also compare the induction of autologous T cell activation by glioblastoma-derived EVs before and after glyco-modification. To enable clinical application, the source of a sufficient yield of autologous tumour-derived EVs needs to be explored. A commercial hemopurifier for the extracorporeal capture of circulating EVs from blood \[[82](#CIT0082)\] has recently been developed. However, the yield and purity of tumour-derived EVs has yet to be demonstrated. Alternatively, the yield of tumour-derived EVs from cerebrospinal fluid or from conditioned culture medium with resected tumour tissue could be explored. Also, the timing of vaccination in the context of standard of care with dexamethasone, temozolomide and radiotherapy will be pivotal. T cell activation is hampered by the use of dexamethasone, a potent corticosteroid often used to treat intracranial oedema in patients with glioblastoma \[[18](#CIT0018)\]. Temozolomide, the alkylating chemotherapeutic agent used in the first line of treatment of glioblastoma and radiotherapy, could potentially increase the mutational load and immunogenicity of the tumour and its EVs, but continuous ﻿administration of low-dose TMZ is also associated with a high incidence of lymphocytopenia \[[83](#CIT0083)\]. Radiotherapy is also associated with lymphocytopenia but could on the other hand aid in turning the usually immune desert glioblastoma microenvironment into an inflamed tumour attracting immune effector cells needed in a vaccination strategy. Although ﻿immune stimulation using PD-1 blockade alone does not seem to result in a marked delay or prevention of disease relapse following surgery in patients, anti-PD-1 enhances the local and systemic immune response \[[22](#CIT0022)\] and might therefore accelerate a vaccine-induced immune response \[[23](#CIT0023)\].

In conclusion, in this study, the glycocalyx of glioblastoma-derived EVs was found to be dominated by immunosuppressive sialic acid-capped *N*-glycans and complex bi-antennary glycans while lacking ligands for DC-SIGN, an effective receptor for DC targeting and antigen presentation to both CD4^+^ and CD8^+^ T cells. Glycan modification of glioblastoma-derived EVs strongly enhanced their capacity to be internalized by moDCs, making modified EVs an attractive cell-free source for multi-antigenic pulsing of DCs in the context of anti-glioblastoma vaccination.
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